Purpose We aimed to study the role of N-acetylcysteine (NAC) in non-acetaminophen-induced acute liver failure (NAI-ALF). Methods A total of 47 adult patients were prospectively enrolled with NAI-ALF (group 1 or NAC group) and oral NAC was given. The primary outcome was reduction in mortality with the use of NAC in NAI-ALF. The secondary outcomes were to evaluate safety of NAC and to assess factors predicting mortality. We compared these results with records of NAI-ALF patients admitted in our hospital from 2000 to 2003 (n = 44) who were not given NAC (group 2 or historical controls).
classified ALF into hyperacute, acute, and subacute liver failure on the basis of encephalopathy less than 7, , and more than 28 days but less than 26 weeks, respectively, from the onset of jaundice. Hyperacute and acute ALF have better prognosis in terms of survival than that in subacute liver failure.
The role of N-acetylcysteine (NAC), a glutathione precursor, in the treatment of acetaminophen-induced ALF is well established [3] . NAC prevents toxicity by limiting the formation and accumulation of N-acetyl-p-benzoquinoneimine and acts as a glutathione substitute and enhances nontoxic sulfate conjugation [4, 5] . Its anti-inflammatory, antioxidant, inotropic, and vasodilating effects improve microcirculatory blood flow and oxygen delivery to vital organs [6, 7] . NAC has shown to improve cerebral perfusion pressure in randomized controlled trail (RCT) conducted on pigs with ALF [8] . NAC has been used successfully in patients with acetaminophen-induced ALF within 24 h and even when it was administered after 24 h of paracetamol ingestion. Smilkstein et al. [9] and Harrison et al. [10] suggested that in cases when NAC is used after 24 h, it is helpful because of the antioxidant effect rather than its antidote effect. Because of its multiple mechanisms of action, NAC has also been used in small trials in non-acetaminophen-induced ALF (NAI-ALF) with variable results [11, 12] . Liver transplantation has made significant impact on survival of patients with ALF [13, 14] . This option is available only in limited centers of developed countries and better alternatives must be explored in developing and underdeveloped world for the management of ALF where transplant facility is not available. Outcome of ALF in terms of survival is poor in patients with NAI-ALF without liver transplant facility [15] . Recently, in a nonrandomized study, NAC use was reported to be associated with survival benefits in children with NAI-ALF [16] .
We started administering NAC in patients with NAI-ALF because of the evidence of obvious efficacy of NAC in paracetamol-induced ALF and with some evidence of its role in NAI-ALF in the absence of liver transplant facility in our hospital. We used NAC in a non-RCT comparing historical controls at the end of 2003 in our hospital because of its multifactorial mode of action and a good safety profile.
The primary outcome of our study was to assess the reduction in ALF-induced mortality with the use of NAC in patients with NAI-ALF. The secondary outcomes were to evaluate the safety of NAC and also finding the factors predicting the survival in patients with NAI-ALF.
Patients and methods
This is a prospective study with historical controls of adult patients with NAI-ALF admitted at Aga Khan University Hospital, Section of Gastroenterology, from 2000 to 2007. Our hospital database for ALF cases was introduced in 2000, and the records of ALF cases were collected from this source for studying the demographic features and outcomes of ALF for historical controls. The cases prior to 2000 were not retrievable because there is no specific ICD code for ALF. We started administering NAC in our patients with NAI-ALF from January 2004.
Overall 110 patients were admitted from 2000 to 2007, and 19 were excluded because of different reasons including viral ALF along with history of acetaminophen intake (n = 6) or acute-on-chronic liver disease (n = 11); in two cases, patients' attendant refused to give consent for NAC administration. The included patients were divided into two study groups: group 1 (2004-2007) included patients prospectively enrolled and treated with NAC (n = 47) and group 2 (2000-2003) included patients not treated with NAC (n = 44). Data were retrospectively collected from the hospital's ALF database and were double-checked after reviewing the medical records. ALF was defined as the rapid development of acute liver injury with impaired synthetic function and encephalopathy in a person who previously had a normal liver. After informed written consent was obtained from next of kin, the patients in group 1 were administered oral NAC at a dose of 140 mg/kg, followed by 70 mg/kg, for a total of 17 doses, 4 h apart within 6 h of admission. All patients were managed with the standard supportive care treatment, which was similar throughout the study period in both the study groups. The patients received treatment of and prevention for the complications of ALF [17] . The treatment mainly involved continuous intravenous dextrose administration to prevent hypoglycemia; broad-spectrum prophylactic antimicrobials to prevent bacterial infections and antifungals when indicated, and proton pump inhibitors for stress-related ulcers. With the development of advanced hepatic encephalopathy, intensive care was provided with hemodynamic monitoring, fluid and electrolyte balance, ventilatory support, and propofol sedation. Fresh frozen plasma was given in only those cases in which patients had spontaneous bleed or required an invasive procedure, such as a central venous or arterial catheter, etc. Nasogastric tube was inserted for feeding purpose in patients with encephalopathy or for checking upper gastrointestinal (GI) bleed whenever needed [17] .
At the time of admission, blood samples of all the patients were taken for the etiological diagnosis of ALF, including hepatitis B surface antigen (HBsAg), hepatitis B core IgM (HBc-IgM), hepatitis A virus IgM (HAV-IgM), and hepatitis E virus IgM (HEV-IgM), and serum samples were also saved for further testing if the etiology was not detected at these initial tests, which included antinuclear antibody, liver kidney microsomal antibody, ceruloplasmin, HSV antibody, and EBV. Hepatitis D antibody was sent for testing if HBsAg or HBc-IgM was positive to detect HDV super-or coinfection as an etiology of ALF. History was also noted for any hepatotoxic drug intake, including homeopathic and herbal medications; pregnancy was checked in female patients of childbearing age with the help of b-HCG level and, later on, an ultrasound was also performed.
Renal impairment was defined as serum creatinine level of more than 2.0 mg/dl. Hemodialysis was performed whenever indicated. Intracranial hypertension was diagnosed clinically in the presence of clinical signs such as abnormal papillary reflexes or hypertonia. The intracranial bolts were not inserted to measure the intracranial pressure (ICP) in all these patients because it was not approved by our hospital ethics review committee (ERC). Intracranial hypertension was treated with mannitol and/or acute shortterm hyperventilation, but if the patient was refractory to treatment, mild-moderate hypothermia was used with a cooling blanket [18] . Infection was diagnosed only when blood, urine, or tracheal aspirates were cultured for pathogenic microorganisms.
Primary outcome measure was an overall survival with NAC as compared with standard supportive treatment in the absence of the liver transplantation. Secondary outcome measure was to evaluate the factors related to the survival and safety of NAC in patients with NAI-ALF. A formal approval of this study was taken from our hospital ERC before the collection of data and assigning the patients for receiving NAC.
Statistical analysis
Patients were analyzed in the two groups. Frequency distribution was assessed in terms of means ± 1 SD for quantitative variables and number (percentages) for categorical variables. In univariate analysis, the categorical variables were compared in the two groups by using v 2 test or Fisher exact test where appropriate. For continuous variables, the independent sample t test was used to compare the means in the two groups.
Multiple parameters were compared in survivors and nonsurvivors in a univariate analysis. The factors on univariate analysis with P \ 0.25 or any biological significant factors were entered into a stepwise logistic regression analysis to identify independent variables of prognosis. In the multivariable logistic regression analysis, factors with P \ 0.05 were taken significant to be in the final model.
All the analyses were performed by the Statistical Package for Social Sciences (SPSS; Release 13, standard version, copyright SPSS; 2004).
The study sample size was calculated considering the mortality in NAI-ALF without liver transplantation ranges from 74% to 88% and hence we took mortality with supportive care as 84% (historical control group). For the NAC group, the mortality was taken as 57% as reported in previous NAI-ALF trial using NAC [11] ; with 5% level of significance and 80% study power, the sample size calculated was 44 patients in each arm. All P values were two sided. 
Results
There were 47 patients in group 1 (NAC group) and 44 in group 2 (historical control group). The mean age of patients in group 1 was 27.7 ± 11.8 years and in group 2 37.5 ± 18.8 years (P = 0.004). Bilirubin level at the time of admission was 20.6 ± 11.0 mg/dl versus 14.3 ± 8.9 mg/dl (P = 0.004). The other features such as serum albumin, alanine aminotransferase, and creatinine levels, ascites, gender distribution, and the interval between jaundice and development of encephalopathy were similar in the two groups, but there were more pregnant women in group 1 that received NAC than in group 2. The baseline characteristics are shown in Table 1 .
We categorized the parameters according to the variable used in the King's College Hospital (KCH) criteria (n = 10) in the two study groups as shown in Table 2 . There were 24 (51%) patients with bilirubin levels of more than 17.6 mg/dl in group 1 versus 11 (25%) in group 2 (P = 0.011). Similarly, there were 42 (89.3%) patients in group 1 younger than 40 years as compared with 28 (63.6%) in group 2 (P = 0.004). The interval between jaundice and development of hepatic encephalopathy (B7 or [7 days) and prothrombin time (PT, in seconds) were similar in the two groups ( Table 2) .
Majority of patients in both the group had ALF due to acute HEV infection; 24 (51%) patients in group 1 and 16 (37%) in group 2 had ALF due to acute HEV infection (P = 0.186). Of these HEV-infected patients, 8 (17%) were pregnant women in group 1 and 1 (2.3%) in group 2 (P = 0.03; Fisher exact test). There were 11 (23.4%) and 14 (31.8%) acute HBV-related ALF cases in groups 1 and 2, respectively. Of these acute HBV (HBc-IgM positive) patients, 3 (6.4%) patients in group 1 and 2 (4.5%) patients in group 2 tested positive for HDV and were categorized as having HDV coinfected ALF. There were no patients with HDV superinfection (defined as HDV antibody-positive patients with HBc-IgM negative and HBsAg positive) in group 1, and there were 6 patients with HDV superinfection in group 2. There were 3 (6.4%) patients in group 1 and 8 (18.2%) in group 2 (P = 0.084) who had ALF induced by antituberculosis treatment (including rifampicin, isoniazid, and/or pyrazinamide). The etiology of ALF in two groups is elaborated in Table 3 .
A total of 56 (61.5%) patients were shifted to intensive care unit; of these, 52 (57.1%) patients required ventilator support, 36 (76.6%) belonged to group 1, and 16 (36.4%) in group 2 (P \ 0.001). The mean number of days of admission in hospital in group 1 was 9.4 ± 7.26 versus 8.39 ± 9.55 in group 2 (P = 0.56).
Other supportive treatment given in the two groups is shown in Table 4 . Complications noted during hospital course included different infections in 25 (53.2%) patients in group 1 versus 22 (50%) patients in group 2 (P = 0.761). A positive blood culture and sensitivity (C/S) result was reported in 5 (10.6%) patients versus 6 (13.6%) patients (P = 0.209); urine C/S in 9 (20.5%) versus 12 (25.5) in groups 1 and 2, respectively (P = 0.561), and tracheal aspirate C/S grew organisms in 21 (44.7%) in group 1 versus 13 (29.5%) in group 2 (P = 0.136). The renal impairment was observed in 18 (40.9%) patients in group 1 versus 17 (36.2%) patients in group 2 (P = 0.642); signs of raised ICP, that is, dilated or unequal papillary reaction, were observed in 24 (51.1%) and 15 (34%) patients in groups 1 and 2, respectively. Thirty-five (74.5%) patients in group 1 and 14 (31.8%) patients in group 2 were hyperventilated to decrease their intracranial hypertension; 10 (21.3%) patients were subjected to cooling blanket in group 1 versus 4 (9.1%) patients in group 2 (P = 0.107). Mannitol was used for signs of raised ICP at some stage during the hospital course in 43 (91.5%) patients and 24 (54.5%) patients in groups 1 and 2, respectively (P \ 0.001); seizures were observed in 27 (57.4%) patients in group 1 versus 10 (22.7%) patients in group 2 (P \ 0.001); minor GI bleeding (defined as coffee ground aspirate in nasogastric tube without any hemodynamic change) in 18 (38.3%) patients in group 1 versus 8 (18.2%) patients in group 2 (P = 0.034).
A total of 57 of 91 (62.6%) patients died with ALF complications; 25 (53.2%) patients belonged to group 1 and 32 (72.7%) patients to group 2 (P = 0.05). A comparison of overall survival and length of hospital stay in the two groups is shown in Fig. 2 . It suggested a statistically significant survival of patients in the group receiving NAC. The causes of death were sepsis/multiorgan failure in 12 (54.5%) patients versus 22 (75.9%) patients in groups 1 and 2; raised ICP in 7 (31.8%) patients versus 6 (20.7%) patients.
In the univariate analysis for the mortality in patients with NAI-ALF, age older than 40 years, male gender, GI bleeding during hospital course, development of ascites, PT more than 50 s, infections, use of mannitol, seizures during hospital stay, not using NAC, patients on mechanical ventilator, and the interval between jaundice and onset of hepatic encephalopathy of more than 7 days were significant factors (P \ 0.25). These factors were taken for stepwise multiple variable logistic regression analysis to predict the factors responsible for the outcome variables of mortality in the two groups. In the final model, age older than 40 years, PT more than 50 s, not using NAC, patients on mechanical ventilator, and the duration between jaundice and onset of hepatic encephalopathy of more than 7 days were the independent prognostic factors predicting mortality in our study. The odds ratio and 95% confidence interval of the final model are shown in Table 5 .
Safety of NAC
NAC was administered orally in 47 patients in this study. Adverse effects were noted in 6 (12.7%) patients within 4 h after NAC administration. These were nonspecific maculopapular rash in 2 patients, which resolved without any treatment within 24 h; 1 patient had transient bronchospasm, which responded to salbutamol nebulization; and 4 patients had vomiting, which was attributed to the deteriorating condition due to ALF.
Discussion
There are limited data addressing NAI-ALF and the use of NAC. Moreover, there is no reported RCT at the moment checking the efficacy of NAC against placebo in these patients. In this report of 91 patients with NAI-ALF admitted to a center without the facility of liver transplantation, we found that NAC administration was effective in reducing mortality in 47 patients as compared with 41 historical controls. We also found that the use of NAC was safe in these patients. The two groups were comparable in majority of clinical and biochemical parameters, except that the patients in NAC group, on the one hand, were younger, but, on the other hand, they had worse prognostic factors at their baseline and even then their survival was better. The main etiology of ALF was acute hepatitis E followed by acute hepatitis B, and they were equally distributed in the two groups of patients, although there were more pregnant HEV patients in the NAC group. Acute HEV infection is seen commonly in the third-world country where waterborne infections are common. Khuroo et al. [19] also reported HEV as the most common etiology in patients with ALF from Kashmir, India. Distribution of different complications of ALF, such as renal impairment, and development of ascites and infections were similar in the two groups. There were significantly more patients with raised ICP in group 1 (NAC group) than in historical control. There were more patients needing mechanical ventilation (78%) in the NAC group due to raised ICP manifested by seizures, variable pupillary reactions, and hyperventilation. There is a possibility that the raised ICP was picked up earlier in the NAC group patients who were admitted from 2004 to 2007 in the hospital because of the improvement in the understanding of the disease.
In ALF, oxygen supply and utilization are impaired by changes in vascular tone at the cellular level. The use of NAC has been shown to increase oxygen utilization in the microcirculation [20] . NAC may act by enhancing the effect of nitric oxide on guanylate cyclase, increasing the formation of cyclic 3 0 ,5 0 -guanosine monophosphate, and thereby resulting in vasodilatation.
In our study, on the one hand, most patients in the NAC group were younger, but, on the other hand, they had poor prognostic indicators of high bilirubin, HEV with pregnancy [21] , and signs of raised ICP needing ventilation, suggesting their critical condition. When we compared our predictors of mortality with KCH criteria for NAI-ALF [22] , they were similar except that in our model, high bilirubin level was not a predictor of mortality and not using NAC was a predictor of mortality. The predictors of mortality were similar to those from the study of Khuroo et al. [19] in a setting without the facility of liver transplantation. In our study, the mortality has decreased to 53% with the use of NAC versus 73% in historical control group (P = 0.05); similarly, Khuroo et al. [19] reported mortality without liver transplantation in their study at 72.8%, in which only supportive treatment was offered, which was comparable with our control group, in which only supportive treatment was offered.
One recently published study of NAC use in NAI-ALF in children [16] reported that its use was associated with a shorter length of hospital stay, in which survival with native liver occurred in 22% with supportive care versus 43% with NAC and its use was associated with higher incidence of native liver recovery without transplantation. The results of this study are comparable with our results, in which the survival in the supportive care group was 27% versus 47% in the NAC group.
Strength and limitations of the study
The study has the potential to be clinically relevant because our site has no liver transplant options, so it gives a proper picture of the results of changing/adding a new therapy. In patients with ALF, especially those in a center without access to liver transplantation or for patients who are inappropriate candidates for liver transplantation, mortality is extremely high; therefore, showing a mortality benefit with the use of NAC would be useful, given the relatively low cost and minimal reported adverse effects of this medication. Because NAC has had many proposed effects on liver metabolism, showing efficacy in NAI-ALF may help elucidate its true mechanism of action.
The main shortcoming of our study is its design, that is, prospective study with historical control, which is intrinsically flawed in that the groups being compared are not treated at same time in point. Advances have been made from 2000 to 2007 in the management of acutely ill patients, such as improved strategies for infection control, better use of early goal-directed therapy, and better ventilator management strategies. Patients in the historical control cohort may not have had access to benefit from these advances as the intervention cohort (NAC group), which would leave the historical control cohort (no NAC group) disadvantaged in achieving good outcomes. Although the two groups were not comparable, the data suggest that group 1 had more severe disease than group 2. NAC group has sicker patients as evidenced by the fact that there were more pregnant HEV patients, much higher bilirubin levels, and higher incidence of raised ICP and PT in them. Nevertheless, non-NAC group was considerably older and worse outcomes happen with older patients. Because of these limitations, we tried to control the confounders with multivariable regression analysis. To our knowledge, two RCTs of NAC in NAI-ALF are underway, one at the University of Pittsburgh and other at KCH, London, and their results will be interesting in the light of our report. It seems that NAC may be beneficial in NAI-ALF, and until the results of the ongoing RCT are available, we may continue to use NAC in patients with NAI-ALF, particularly in centers without the facility of liver transplantation because it was found safe and decreased mortality.
Conclusions
Our results showed that NAC use is associated with a reduction in NAI-ALF mortality and was safe to use. The factors predicting mortality in NAI-ALF without liver transplantation were age older than 40 years, PT more than 50 s, requirement of mechanical ventilator, not using NAC, and the interval between jaundice and development of HEV infection of more than 7 days.
